Modern therapy for children with central nervous system (CNS) malignancies often includes both surgical resection and a combination of CNS-directed radiation therapy (RT) and chemotherapy. With this multimodal approach, 74% of children younger than 20 years and diagnosed with a CNS malignancy become 5-year survivors ( 1 ). However, increased exposure to multimodal therapy may increase the risk of long-term morbidity and late mortality.
Study Population
Of the 20 691 participants eligible for the CCSS cohort, 2888 (14.0%) were survivors of CNS malignancies. International Classification of Diseases for Oncology-2 codes used to classify members of the cohort are listed in Supplementary Table 1 (available online) ( 23 ) . Of the survivors of CNS malignancies, 491 (17.0%) could not be located, 511 (17.7%) declined participation, and 9 (0.3%) could not participate because of language barriers, leaving 1877 participants in the study. For this analysis, participants and nonparticipants were similar in terms of sex, cancer diagnosis, and age at diagnosis ( 21 , 24 ) . Late mortality was assessed in 2821 of the 2888 eligible survivors of CNS malignancy rather than in only the 1877 participants because study participation was not required. Vital status was ascertained by the US National Death Index (NDI) and, for Canadian survivors, by CCSS surveys (except for 67 Canadian survivors who did not participate in the CCSS surveys). Subsequent neoplasms and chronic medical conditions were assessed in the 1877 participants who completed the baseline questionnaire. Sociodemographic factors and health status were studied in 1033 and 1001 participants, respectively, who were older than 25 years at the time of the second follow-up study of the cohort. The CCSS -Neurocognitive Questionnaire (CCSS-NCQ), a reliable and valid measure of neurocognitive functioning in adult survivors of pediatric cancer ( 25 ) , was completed by 802 participants.
Siblings of CCSS participants were selected, by simple random sampling of survivors with at least one sibling, to participate in a comparison population that was neither diagnosed nor treated for cancer. If a participant had multiple siblings, the sibling closest in age to the participant was recruited. Of 4782 siblings selected, 3899 (81.5%) participated in the CCSS. Four hundred and ninety-six of 1877 CNS patients had a sibling control.
CONTEXT AND CAVEATS

Prior knowledge
The long-term health of those treated as children for malignancies of the central nervous system (CNS) had been incompletely characterized.
Study design
Retrospective cohort study relying on a questionnaire, medical records, and the National Death Index for information. Siblings were selected randomly to serve as control subjects where ap propriate. Cumulative mortality and incidence of subsequent neoplasms were analyzed using competing risk models.
Contribution
This study provided a comprehensive assessment of the long-term risks of mortality, subsequent medical complications, and neurocognitive impairment in survivors of pediatric malignancies of the CNS, and how radioactive treatment was associated with these risks.
Implications
Due to high risks of mortality, subsequent cancers, and other medical conditions, survivors of CNS malignancies will need specialized care and screening.
Limitations
Treatment of pediatric cancers has changed considerably since the time when the patients in this cohort were treated; the results of this analysis may not be applicable to future survivors.
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Statistical Analysis
Descriptive data on demographic (sex of patient, age at baseline questionnaire, race, ethnicity, CNS subtype, and age at diagnosis) and treatment characteristics (surgery, radiation, and chemotherapy treatment, cranial RT dose, RT region, and combined modality treatment) were summarized for the 1877 survivors and, where appropriate, compared with those of the 3899 randomly selected siblings. Age-and sex-adjusted comparisons were also made between survivors and siblings for educational attainment, employment, income, marital status, and health status, using generalized estimating equations to account for potential within-family correlation ( 26 ) .
To assess late mortality, person-years at risk were computed from the time of cohort entry to date of death or censoring. US participants were censored on December 31, 2002, the cutoff date of the most recent NDI search; Canadian survivors were censored on either December 31, 2002 , or the date of last survey. Cumulative curves were compared using the method proposed by Gray ( 27 ) . Groups that were compared with respect to cumulative mortality were divided according to sex or CNS subtypes (astrocytoma and glial tumors, ependymoma, or medulloblastoma and primitive neuroectodermal tumors).
Methods used in this study for calculating standardized mortality ratios (SMRs) and exact 95% confi dence intervals (CIs) have * PNET = primitive neuroectodermal tumor; RT = radiotherapy; CRT = cranial radiotherapy; chemo = chemotherapy; CNS = central nervous system. † Percentages based on available data. ‡ Spinal irradiation does not include patients who received total body irradiation.
been reported previously ( 2 , 20 ) . The covariates used in the mortality analysis were sex; age at diagnosis (0 -3, 4 -9, 10 -14, and 15 -20 years old); calendar year of diagnosis (1970 -1973, 1974 -1977, 1978 -1981, and 1982 -1986) ; years since diagnosis (5 -9, 10 -14,  15 -19, 20 -24, 25 -29, and 30 -34 years) ; CNS subtypes (astrocytoma and glial tumors, ependymoma, and medulloblastoma and primitive neuroectodermal tumors); treatment modality (surgery alone, surgery and RT, and surgery and RT with chemotherapy); cranial RT dose (no exposure, <50 Gy, and ≥ 50 Gy); RT region (cranial RT and no spinal RT, cranial RT and spinal RT, and neither cranial RT nor spinal RT); and treatment modality and cranial RT dose (surgery alone, surgery and cranial RT <50 Gy and no chemotherapy, surgery and cranial RT ≥ 50 Gy and no chemotherapy, surgery and cranial RT <50 Gy and chemotherapy, or surgery and cranial RT ≥ 50 Gy and chemotherapy) with doses more than 50 Gy representing high-dose RT exposure.
To assess the occurrence of subsequent neoplasms among survivors, cumulative incidence was estimated using death as a competing risk ( 28 ) . Subsequent neoplasms occurring before cohort entry were included as prevalent cases at cohort entry. The cumulative incidence of subsequent neoplasms was compared according to the dose of cranial RT (no exposure, <50 Gy, and ≥ 50 Gy). Standardized incidence ratios (SIRs) for the occurrence of subsequent malignant neoplasms and specifi c types of subsequent malignant neoplasms were calculated using the US Surveillance, Epidemiology, and End Results cancer incidences as reference rates ( 29 ) .
The occurrence and severity of chronic medical conditions were determined as described previously ( 13 ) . We used log-binomial regression to estimate a prevalence ratio for each chronic condition, comparing CNS survivors and CCSS siblings, adjusting for age at enrollment (5 -9, 10 -14, ≥ 15 years), sex, and race/ethnic group (white vs nonwhite) ( 30 ) . Modifi cations of a log-binomial model with generalized estimating equations were used to account for potential within-family correlation ( 31 ) . The incidence of new chronic medical conditions after cohort entry (beyond 5 years of diagnosis) was assessed by Cox regression to estimate hazard ratios (HRs) comparing CNS survivors and CCSS siblings, adjusting for age at enrollment, sex, and race/ethnic group. The proportionality assumption of hazard functions was assessed graphically. Withinfamily correlations were accounted for by using sandwich SE estimates ( 32 ) .
The proportion of survivors who scored below the corresponding 10th percentile of the sibling comparison group was calculated for each of the four subscales of the CCSS-NCQ. These were calculated with 95% confi dence intervals according to cranial RT dose and CNS subtype. Confi dence intervals for proportions were calculated with exact methods ( 33 ) . Age-and sexadjusted proportions were calculated and compared between the survivors and the siblings with respect to college graduation, employment, marriage, annual household income greater than $20 000, health insurance, and health status outcomes in logbinomial models ( 34 ) . Among survivors, the impacts of cranial RT dose and RT region on these outcomes were evaluated in logbinomial models using the copy method and adjusted for sex, age at diagnosis, and the maximum radiation dose to any of the other three segments ( 35 ) .
In all analyses, treatment exposures within the fi rst 5 years of the original CNS cancer diagnosis were considered. Statistical analyses were performed using SAS Version 9.1 (SAS Institute, Inc, Cary, NC) and R 2.5.1, and all statistical inferences were based on two-sided tests.
Results
Characteristics of Participants Who Completed the Baseline Questionnaire
The median age at diagnosis of the 1877 participants who completed the baseline questionnaire was 7.5 years (range 0 -20 years, Table 1 ); 1034 (55%) were male. Astrocytoma and glial tumors were the most common primary tumors. Most patients underwent surgery followed by RT (n = 689 [41.6%]) or RT and chemotherapy (n = 447 [27%]); 431 (26%) underwent surgery alone. Among the 1569 patients who received RT, 813 (51.8%) were exposed to cranial RT of 50 Gy or more to at least one brain region and (36.8%) received spinal RT.
Overall and Cause-Specific Mortality
For the 2821 five-year survivors in whom late mortality was assessed, there were 43 369 person-years of follow-up and 546 deaths (13.8%). Cumulative all-cause mortality rates were 13.5%, 17.1%, 21.5%, and 25.8% at 15, 20, 25, and 30 years, respectively ( Figure 1 , A ); males had greater risk of death than females (28.1% vs 23.1% at 30 years; P < .001). All-cause mortality at 30 years was higher in 5-year survivors of ependymoma (29.5%) and medulloblastoma (29.0%) than in 5-year survivors of astrocytoma and glial tumors (23.9%; P < .001 for both comparisons) ( Figure 1, B ) .
Compared with the US population, risk of death increased 13-fold for survivors of CNS malignancies (SMR = 12.9, 95% CI = 11.8 to 14.0); survivors of medulloblastoma and primitive neuroectodermal tumors were at highest risk (SMR = 17.4, 95% CI = 14.6 to 20.6) ( Table 2 ). Recurrence and/or progression of primary disease was the most common cause of death (61%), followed by medical causes of death (21%) that included death attributable to subsequent neoplasms (9%), cardiac disease (3%), and pulmonary disease (3%). Cumulative cause-specifi c mortality at 30 years ( Figure 1, C ) was highest for primary cancer progression or recurrence (14%), followed by subsequent malignant neoplasm (2.8%), pulmonary disease (1.0%), and cardiac disease (0.4%). Annual death rates were highest for recurrence or progression of primary malignancy in the 5 -30 years after diagnosis, after which death rates due to subsequent malignant neoplasms exceeded those for recurrence or progression (data not shown). Although this pattern of late recurrence or progression is expected for survivors with gliomas, even for survivors of ependymoma and medulloblastoma, the death rate from second malignant neoplasms did not exceed the rate of death due to recurrence until >20 years from diagnosis . Cumulative mortality due to recurrence was higher in males than in females (15.6% vs 12.1% at 30 years, P = .05) ( Figure 1, D ) . Mortality from nonrecurrent, nonprogressive disease increased 25 -30 years after diagnosis with statistically signifi cantly increased risks of death due to subsequent malignant neoplasms (SMR = 13.9, 95% CI = 10.4 to 3), cardiac disease (SMR = 4.2, 95% CI = 2.0 to 7.7), pulmonary disease (SMR = 17.1, 95% CI = 9.8 to 27.8), and deaths due to other causes (SMR = 3.9, 95% CI = 2.7 to 5.4).
Years since diagnosis
Subsequent Neoplasms
The 1877 survivors evaluated for the occurrence of subsequent neoplasms accrued more than 27 550 person-years from time of entry into the CCSS cohort, with a median follow-up of 19.6 years (range = 5.1 -34.6 years) from initial CNS cancer diagnosis. There were 255 confirmed subsequent neoplasms in 151 patients who had achieved 5-year survival status ( Table 3 ). The cumulative incidence for all subsequent neoplasms in the cohort ( Figure  2 , A ) was 10.7% (95% CI = 8.8% to 12.6%) at 25 years from diagnosis. Cumulative incidences for nonmelanoma skin cancer, benign meningiomas, and all other subsequent neoplasms (excluding nonmelanoma skin cancer and benign meningioma) were 2.9% (95% CI = 1.8 to 4.0), 3.3% (95% CI = 2.2 to 4.5), and 4.5% (95% CI = 3.3 to 5.7), respectively. Incidence of meningiomas increased sharply with continued follow-up ( Figure 2, B ) , even among patients with no previous diagnosis of meningioma at 25 years (incidence was 3.5% at 30 years, 95% CI = 0.9 to 6.1). Maximum cranial RT dose received was associated with the cumulative incidence of any subsequent neoplasm within the CNS ( Figure 2, C ) . Patients receiving cranial RT of 50 or more Gy had a cumulative incidence of a CNS subsequent neoplasm 25 years after diagnosis of 7.1% (95% CI = 4.5 to 9.6) compared with 5.2% for those receiving more than 0 but less than 50 Gy (95% CI = 2.1 to 8.3) and 1.0% for no RT exposure (95% CI = 0 to 2.3). Excluding 112 nonmelanoma skin cancers, 59 benign meningiomas, and eight other benign lesions, 76 subsequent malignant neoplasms occurred in the 1877 survivors who were evaluated ( Table 3 ). The overall SIR was 4.1 (95% CI = 3.2 to 5.2); the most common subsequent malignant neoplasms were CNS tumors (15 gliomas, four malignant meningiomas, one medulloblastoma or primitive neuroectodermal tumor; SIR = 25.3, 95% CI = 15.5 to 39.1), soft tissue sarcomas (SIR = 8.4, 95% CI = 3.6 to 16.5), and thyroid cancers (SIR = 11.2, 95% CI = 5.8 to 19.6). In general, CNS tumor survivors had higher rates of * RT = radiotherapy; CRT = cranial radiotherapy; S = surgery; CI = confidence interval; PNET = primitive neuroectodermal tumor; chemo = chemotherapy; SMR = standardized mortality ratio . † As of December 31, 2002. ‡ Age and sex standardized according to National Center for Health Statistics criteria. All SMRs had P < .01 (assessed using the exact two-sided tests inverted from the corresponding exact Poisson two-sided CIs). § For comparison between groups.
|| Restricted to patients with medical records abstracted; treatment data were cutoff at 5 years from diagnosis. subsequent CNS neoplasms and lower rates of subsequent breast cancers compared with CCSS participants who did not have a CNS primary malignancy.
Chronic Medical Conditions
Of the 1877 survivors who we evaluated, 82% reported having at least one chronic medical condition; after accounting for death and censoring, cumulative incidence at 25 years was 91.6%, and 38% of the survivors reporting a serious or life-threatening (grade 3 -4) condition. We calculated prevalence ratios, comparing survivors with siblings for chronic medical conditions in the first 5 years after diagnosis, and hazard ratios for developing a new chronic condition after 5 years ( Table 4 ) . Of the 588 survivors having no chronic health conditions before the 5-year time point, 42.9% subsequently developed at least one. Survivors had a statistically significantly higher risk than siblings of developing new endocrine (HR = 19.8, 95% CI = 14.5 to 27.1), neurological (including seizures) (HR = 5.6, 95% CI = 4.8 to 6.7), or sensory (including hearing loss) (HR = 12.5, 95% CI = 8.9 to 17.6) health conditions beyond the 5-year time point.
Neurocognitive Functioning
Compared with siblings, rates of neurocognitive impairment (a score below the 10th percentile of the sibling group's scores) were higher in all CNS survivor diagnostic groups after treatment with radiation ( Table 5 ). Greater than 40% of medulloblastoma or primitive neuroectodermal tumor survivors had impaired attention and/or processing speed function; fewer displayed problems in organizational skills and emotional regulation. No clear doseresponse relationship between cranial RT and impairment in attention and/or processing speed, emotional regulation, or organization was evident for patients with medulloblastoma or primitive neuroectodermal tumors. Survivors diagnosed with astrocytoma and glial tumors were impaired in attention and/or processing speed and memory by a statistically significant extent, with a clear cranial RT dose -response pattern. Survivors of astrocytoma and glial tumors exposed to higher doses of cranial radiotherapy also had a statistically significant increase in problems with organization and emotional regulation.
Sociodemographic Outcomes and Health Status
CNS survivors reported statistically significantly lower rates than siblings for all sociodemographic outcomes except lack of health insurance. After controlling for age, sex, and race and/or ethnicity, siblings were more likely than survivors to report current employment (RR = 1.4, 95% CI = 1.3 to 1.5), an income greater than $20 000 (RR = 1.2, 95% CI = 1.1 to 1.3), marriage (RR = 2.0, 95% CI = 1.8 to 2.2), and college graduation (RR = 1.4, 95% CI = 1.3 to 1.5). Region-specific dosimetry analyses controlling for age at diagnosis, sex, and maximum RT dose to other regions showed that exposure of the temporal or frontal lobe to 50 Gy or more was independently and statistically significantly associated with higher risk of unemployment (RR = 1.7, 95% CI = 1.1 to 2.6 and RR = 2.1, 95% CI = 1.1 to 4.1, respectively) and that radiation to any region was associated with never being married. Radiation of 30 -49 Gy and radiation more than 50 Gy to the temporal lobe, and radiation 50 Gy or more to the posterior fossa were independently associated with an annual household income of $20 000 or less (RR = 2.3, 95% CI = 1.3 to 4.3, RR = 2.9, 95% CI = 1.7 to 5.0, and RR = 2.1, 95% CI = 1.1 to 4.0, respectively) ( Table 6 ). CNS survivors reported higher rates of impaired health status than siblings in terms of general health (RR = 19.1, 95% CI = 13.0 to 27.9), mental health (RR = 1.5, 95% CI = 1.2 to 1.7), functional impairment (RR = 19.5, 95% CI = 14.9 to 25.4), activity limitations (RR = 36.2, 95% CI = 22.1 to 59.3), pain (RR = 7.9, 95% CI = 5.5 to 11.5), and cancer-related anxiety (RR = 9.7, 95% CI = 6.1 to 15.3). CNS survivors were 3.1 times (95% CI = 2.8 to 3.4) more likely than siblings to report at least one adverse health outcome.
Discussion
We have comprehensively assessed long-term outcomes of 5-year survivors of CNS tumors who were diagnosed and treated from 1970 to 1986. This extended follow-up evaluation of the CCSS cohort quantifies the occurrence and impact of late effects secondary to childhood CNS malignancies and their treatment on the lives of adult survivors. Unfortunately, survivors of CNS malignancies are at increased risk for mortality, subsequent cancer, and other outcomes resulting from their disease and treatment throughout their lifetime ( 36 , 37 ) . Survival beyond 5 years of cancer diagnosis is often the benchmark for defining cancer survivorship. However, according to our analysis, even after surviving to the 5-year time point, more than 25% of CNS survivors will die within 30 years of their diagnosis. This mortality rate is 13 times higher than that for the age-and sex-matched US population. Late mortality is highest for 5-year survivors of ependymoma or embryonal tumors (approximately 33% of these patients die within 20 years). Survivors of medulloblastoma or primitive neuroectodermal tumors have a risk of death that is 17-fold that of the general population. The annual death rate from second neoplasms did not surpass the annual death rate attributable to recurrence or progression of primary disease until approximately 30 years from diagnosis. This is much later than for other pediatric cancers, largely because lowgrade gliomas in children may remain indolent for many years before ultimate progression and mortality ( 3 , 4 , 20 , 38 -42 ) . However, a similar pattern of late mortality was seen for medulloblastoma or primitive neuroectodermal tumors such that recurrence or progression of the original diagnosis was the primary cause of death until 20 years from diagnosis, and for ependymoma, recurrence or progression was the leading cause of death until 30 years after diagnosis. This pattern of late recurrence suggests a need for continued surveillance of disease well beyond the fi rst 5 years from diagnosis.
Survivors of CNS tumors are at a statistically signifi cantly increased risk of developing subsequent neoplasms, the most common site being the CNS. Previous investigations have reported cumulative incidence estimates of subsequent neoplasms for brain tumor survivors from single institutions (4% at 15 years) ( 6 , 7 ), cooperative groups (11% at 8 years) ( 8 ) , and those covered in tumor registry -based studies (2.6% at 20 years; 7.3% at 30 years) ( 9 -12 ) , but these studies were limited by small sample size, inability to capture all second neoplasms, or insuffi cient treatment information.
Medical complications in survivors of pediatric CNS malignancies in the fi rst 5 years subsequent to diagnosis are common due to neurosurgical procedures, therapeutic modalities, and the tumor itself ( 43 ) . Unfortunately, even after 5 years, these survivors remain at high risk for developing new medical conditions. Many of the centers where childhood cancer patients are treated are pediatric-based institutions that are not able to provide continuing medical care for survivors of CNS neoplasms as they become adults. With increasing time from the original cancer diagnosis, the proportion of adult survivors of childhood cancer who receive long-term, risk-based follow-up in a cancer center or a clinic specifi c for long-term follow-up of cancer patients decreases substantially ( 44 , 45 ) . Thus, disseminating information about risks to the general practitioners who follow-up the majority of survivors and developing guidelines for long-term care is important ( 46 ) .
Previous investigations have established that CNS tumor survivors differ from those with other primary cancers in having more adverse outcomes in terms of education, employment, and health status and quality of life ( 47 -54 ) . However, most previous studies of the long-term effects of CNS neoplasms analyzed fewer than 100 CNS tumor survivors and followed them up for only the fi rst 10 years of diagnosis, thus failing to capture outcomes in adulthood. We have previously reported statistically signifi cant health impairment and poor sociodemographic outcomes in this population ( 55 -57 ) . In this study, we have identifi ed important associations between frontal and temporal lobe radiation and outcomes in employment and marriage. Because the frontal and temporal lobes mediate executive function and memory, these fi ndings have biologically signifi cant implications and underline the need to limit the extent of radiation fi elds during radiation delivery. Some limitations of this research should be considered when assessing the validity and generalizability of these fi ndings. First, medical conditions and sociodemographic and health status outcomes were self-reported. Subsequent neoplasms may be underreported despite a thorough validation process ( 5 ). Second, not all eligible survivors participated, and this could introduce participation bias, although previous assessment showed few differences between participants and nonparticipants ( 21 ) . Third, in diagnosing the eligible cohort for this period, World Health Organization classifi cations of brain tumors were followed, according to which many glial tumors were classifi ed "Astrocytoma, NOS," (not otherwise specifi ed) precluding a more specifi c classifi cation. Given the extremely poor overall survival of patients with high-grade gliomas in this study period, most 5-year survivors of glial tumors likely had low-grade lesions. Finally, primary therapeutic modalities have changed substantially since the period (1970 -1986) when the patients in this study were initially treated: There has been a reduction in radiotherapy doses for lower risk patients, increased use of chemotherapy, including high-dose chemotherapy, and adoption of improved surgical and radiotherapy delivery techniques. Thus, the results of this analysis may not be generalizable to tomorrow's long-term survivors.
In conclusion, adult survivors of childhood CNS tumors are at high risk for late mortality and for developing second neoplasms and new chronic medical conditions related to their disease and treatment. Continued follow-up will help determine temporal patterns in incidence and late effects as this cohort ages. We are expanding the CCSS cohort to include 5-year survivors diagnosed from 1987 to 1999. Modern therapeutic regimens that increasingly use chemotherapy to reduce RT dose or use limited RT fi elds will likely improve long-term outcomes and minimize the risk of adverse late effects. Meanwhile, the dissemination of these results to care providers will enable informed medical care and help develop screening recommendations for patients. 
